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Description 



[Amino Acid Sequence Variant Alfalfa 
Antifungal Protein And Its Use In Plant 
Disease Control 

Background of Invention 

[0001] The present invention relates to new antifungal polypep- 
tides that exhibit broad-spectrum antifungal activity 
against pathogenic and other fungi. Specifically, the 
present invention relates to a variant amino acid sequence 
defensin protein derived from an alfalfa antifungal protein 
and its use as an antifungal polypeptide in plant disease 
control against plant pathogenic fungi. The present inven- 
tion relates to the antifungal polypeptides obtainable from 
plants in the genus Medicago. The antifungal polypeptides 
may be applied directly to a plant, applied to a plant in the 
form of microorganisms that produce the polypeptides, or 
the plants may be genetically modified to produce the 
polypeptides. The present invention also relates to mi- 
croorganisms and plants transformed with DNA se- 



quences encoding the amino acid sequence variant alfalfa 
antifungal protein (AFP), and compositions useful in con- 
trolling plant pathogenic fungi. 
[0002] Protection of agriculturally important crops from insects 
and diseases has become a major concern in the agricul- 
tural industry. Fungus infection is a particular problem in 
damp climates and is additionally a major concern during 
crop storage. Plants have developed a certain degree of 
natural resistance to pathogenic fungi; however, modern 
growing methods, harvesting and storage systems fre- 
quently provide a favorable environment for plant 
pathogens. 

[0003] Adding to the problem is the number of different fungi 
that may cause problems. Fungal damage can be caused 
by a fungus of genera such as Altemaria, Ascochyta, Botrytis, 
Cercospora, Colletotrichum, Diplodia, Erysiphe, Fusarium, Gaeu- 
manomyces, Helminthosporium, Macrophomina, Nectria, Per- 
onospora, Phoma, Phymatotrichum, Phytophthora, Plasmopara, 
Podosphaera, Puccinia, Pythium, Pyrenophora, Pyricularia, Rhizoc- 
tonia, Scerotium, Sclerotinia, Septoria, Thielaviopsis, Uncinula, Ven- 
turia, andVerticilliumaLmong others. Therefore, fungicidal 
compounds are not always effective because antifungal 
activity associated with a particular compound may be 



limited to a few species. 

[0004] One approacli to inliibiting plant pathogenic activity has 
been to identify and isolate compounds that exhibit high 
levels of activity against these pathogens. Several classes 
of polypeptides and proteins exhibiting antifungal activity 
against a variety of plant pathogenic fungi have been iso- 
lated (Bowles, 1990; Brears et al., 1994). The antifungal 
polypeptides and proteins include chitinases, cysteine- 
rich chitin-binding proteins, 3-1,3-glucanases, permatins 
(including zeamatins), thionins, ribosome-inactivating 
proteins, and non-specific lipid transfer proteins. These 
proteins are believed to play important roles in plant de- 
fense against fungal infection. The use of natural protein 
products to control plant pathogens has been demon- 
strated, for example, in EPO 0 392 225. 

[0005] Recently, another group of plant proteins has been found 
to function as defensins in combating infections by plant 
pathogens (PCT International Publication WO 93/05153). 
The plant defensins are a family of small proteins that 
possess potent antimicrobial and antifungal activity (for 
review, see Broekaert et al., 1997). The plant defensins 
are characterized by a conserved pattern of eight cysteine 
residues forming what has been referred to as a cysteine- 



stabilized a-helix that stabilizes folding characteristics of 
these proteins (Kobayashi et a!., 1991). Multiple sequence 
comparisons of several defensins reveal that these pro- 
teins have eight cysteines, two glycines, an aromatic 
residue, and one acidic residue in common (Broekaert et 
al., 1995). This small degree of sequence conservation 
suggests that the cysteine-stabilized a-helix motif pro- 
vides a scaffold for accommodating a variety of antimicro- 
bial activities. Two small cysteine-rich proteins isolated 
from radish seed that exhibit this conserved motif, Rs- 
AFPl and Rs-AFP2, were found to inhibit the growth of 
many pathogenic fungi when the pure protein was added 
to an in^4tro antifungal assay medium. Transgenic tobacco 
plants containing the gene encoding Rs-AFP2 protein 
were found to be more resistant to attack by fungi than 
non-transformed plants. Defensin amino acid sequence 
variants of the radish Rs-AFP2 were identified that exhib- 
ited improved antifungal activity (De Samblanx et al, 
1997). Certain amino acid modifications to non-conserved 
amino acids based on the alignment of the protein with a 
host of other plant defensins resulted in improvement in 
the antifungal activity of Rs-AFP2, particularly in the pres- 
ence of Ca^^. The amino acid variants all contained an 



arginine substitution for a naturally occurring amino acid, 
which increased the net positive charge on the resulting 
amino acid sequence variant. 

[0006] Proteins similar to radish seed Rs-AFP2 have been isolated 
from seeds of other plants (WO 93/105153; Broekaert et 
al., 1995). All the proteins in this group share similarity in 
their amino acid sequence, but differ in their antifungal 
activities against various fungi, especially in the presence 
of different mono- and divalent salts. The activity of some 
antifungal proteins is dramatically reduced in the pres- 
ence of 1 mM CaCI^ and 50 mM KCI (Terras et al., 1992). 
The usefulness of an antifungal protein for genetically en- 
gineering plant disease resistance can be greatly influ- 
enced by the sensitivity of the antifungal activity to salt 
concentration, since metal ions such K"^, Na"^, Ca^"^ and 
Mg^"^ are required for normal physiological functions and 
are therefore abundantly present in plant cells. Further- 
more, the small size of these proteins suggests that minor 
modifications to the amino acid sequence could effect 
dramatic changes in the biological activity of the proteins. 

[0007] Recombinant DNA technology has recently led to the de- 
velopment of transgenic plants that can express proteins 
that have antimicrobial activity against certain pests. For 



example, methods for transforming a wide variety of dif- 
ferent dicotyledonous plants and obtaining transgenic 
plants have been reported in the literature (see Gasser and 
Fraley, 1989; Fisk and Dandekar, 1993; Christou, 1994). 
Similarly, methods for producing transgenic plants among 
the monocotyledonous plants are also well documented. 
Successful transformation and plant regeneration have 
been achieved in asparagus (Asparagus officinalis; Byte bier 
et al. 1987), barley (Hordeum vulgare; Wan and Lemaux, 
1994), maize (Zea mays] Rhodes et al. 1988; Gordon- 
Kamm et al. , 1990; Fromm et al. 1990; Koziel et al., 
1993), oats (Avena sativa] Somers et al. , 1992), orchard- 
grass (Dactylis glomerata; Horn et al., 1988), rice (Oryza 
sativa; including indica and japonica varieties; Toriyama et 
al., 1988; Zhang et al., 1988; Luo and Wu 1988; Zhang 
and Wu, 1988; Christou et a!., 1991), rye (Secale cereale; De 
la Pena et al., 1987), sorghum (Sorghum bicolor, Cassas et 
al., 1993), sugar cane (Saccharum spp.; Bower and Birch, 
1992), tall fescue (Festuca arundinacea; Wang et al., 1992), 
turfgrass (Agrostis palustris; Zhong et al., 1993), and wheat ( 
Triticum aestivum] Vasil et al., 1992; Troy Weeks et al., 
1993; Becker et al., 1994). 
[0008] A number of publications have discussed the use of plant 



and bacterial glucanases, chitinases, and lysozymes pro- 
duced in transgenic plants exhibiting increased resistance 
to various microorganisms such as fungi (EP 0 292 435, 
EP 0 290 123, EP 0 392 225, EP 0 307 841, EP 0 332 104, 
EP 0 440 304, EP 0 418 695, EP 0 448 511, WO 91/06312, 
WO 88/00976, WO 90/07001 and U.S. Patent No. 
4,940,840). The protection obtained from expression of 
osmotin-lil<e proteins is discussed in WO 91/18984. 

[0009] Alfalfa AFP (AlfAFP) is a member of the plant defensin 
family isolated from the seeds of alfalfa, Medicago sativa, 
and exhibits broad spectrum antifungal activity including 
activity against the potato pathogen Verticillium dahliae and 
the wheat pathogen Fusarium gramineamm (U.S. Patent 
No"s. 6,121,436, and 6,316,407). Expression of AlfAFP in 
potato was shown to confer resistance to early dying dis- 
ease caused by Verticillium in potato (Cao et al, 2000). 
However, plants expressing AlfAFP also show a reduction 
in potato tuber size. AlfAFP was unable to provide an ade- 
quate level of protection to plants infected with Fusarium 
head blight even though the protein exhibited in vitro ef- 
ficacy against Fusarium gramineamm. 

[0010] There is thus a continuing need to identify biocidal com- 
pounds, particularly those that will be effective against 



plant pathogenic fungi, whether applied as compositions 
directly to an infected plant or expressed in transgenic 
plants in amounts sufficient to provide protection against 
the pathogens. 
Summary of Invention 

[0011] The present invention provides an antifungal polypeptide 
comprising an amino acid sequence shown in SEQ ID 
N0:2, and biologically functional equivalents thereof, that 
can be produced or synthesized by any suitable method 
known in the art, including direct chemical synthesis, syn- 
thesis in heterologous biological systems such as micro- 
bial, plant, and animal systems, tissue cultures, cell cul- 
tures, or mvzfro translation systems. 

[0012] The present invention also provides a nucleotide sequence 
encoding an antifungal polypeptide as set forth in SEQ ID 
N0:2 and constructs and methods for inserting said nu- 
cleotide sequences into host cells for expression of the 
polypeptide. The nucleotide sequence encoding SEQ ID 
N0:2 comprises a modified AlfAFP gene designated as an 
AlfAFPl coding sequence exhibited by the nucleotide se- 
quence as set forth in SEQ ID N0:1. The nucleotide se- 
quence may be a cDNA molecule, an RNA molecule, a na- 
tive nucleotide sequence (i.e., naturally occurring), or a 



nucleotide sequence artificially assembled for example by 
use of phorphoramidite chemistries and the like, or any 
sequence that hybridizes to the sequence as set forth in 
SEQ ID N0:1 under stringent conditions. The modified Al- 
fAFP protein, AlfAFPl, exhibits enhanced antifungal activ- 
ity compared to that of the native AlfAFP, in particular 
greater than two fold and more particularly greater than 
about three to about seven fold greater activity. 
[0013] The nucleic acid sequences contemplated herein also have 
utility as probes and as primers in nucleic acid hybridiza- 
tion embodiments. As such, it is contemplated that nu- 
cleic acid segments that comprise a sequence region that 
consists of at least a 14 nucleotide long contiguous se- 
quence that has the same sequence as, or is complemen- 
tary to, a 14 nucleotide long contiguous DNA segment of 
SEQ ID N0:1 will find particular utility. Longer contiguous 
identical or complementary sequences, e.g., those of 
about 20, 30, 40, 50, lOObp, etc. (including all intermedi- 
ate lengths and up to and including the full-length se- 
quence of from about nucleotide 1 through about nu- 
cleotide 135 as set forth in SEQ ID N0:1) will also be of 
use in certain embodiments. The ability of such nucleic 
acid probes to specifically hybridize to antifungal protein- 



encoding sequences will enable them to be of use in de- 
tecting the presence of complementary sequences in a 
given sample. However, other uses are envisioned, includ- 
ing the use of the sequence information for the prepara- 
tion of mutagenesis primers, or primers for use in prepar- 
ing other genetic constructions. 
[0014] In another embodiment of the present invention, it is con- 
templated that recombinant vectors may be made that 
contain the nucleotide sequence disclosed herein to facili- 
tate over-expression studies of the modified AlfAFP gene 
and for plant transformation. The recombinant vectors 
may comprise a promoter that helps express the gene in 
plants, a structural AlfAFPl nucleotide sequence of the 
present invention comprising SEQ ID N0:2 and a tran- 
scription termination signal. For plant transformation, the 
vector may also comprise an intron and/or an untrans- 
lated leader sequence within the expression cassette from 
which the AlfAFPl protein is expressed. An exemplary in- 
tron may be a wheat, rice, maize, or arabidopsis hsp70 in- 
tron. 

[0015] In a further embodiment, the present invention also pro- 
vides microorganisms and plants transformed with nu- 
cleotide sequences encoding the antifungal polypeptide of 



the present invention comprising the sequence as set 
forth in SEQ ID N0:2. 
[0016] In a yet further embodiment, the present invention com- 
prises immunodetection methods and associated l<its. The 
proteins of the present invention may be used to produce 
or elicit the production of antibodies that bind specifically 
and with high affinity to the proteins of the present inven- 
tion, including monoclonal and polyclonal types of anti- 
bodies. Antibodies prepared in accordance with the 
present invention may be employed to detect alfalfa plant 
antifungal proteins or alfalfa plant antifungal protein-re- 
lated epitope-containing peptides. The present invention 
contemplates methods and kits for screening samples 
suspected of containing alfalfa plant antifungal protein 
polypeptides or alfalfa plant antifungal protein-related 
polypeptides, or cells producing such polypeptides. A kit 
may contain one or more antibodies of the present inven- 
tion, and may also contain reagent(s) for detecting an in- 
teraction between a sample and an antibody of the 
present invention. The provided reagent(s) can be radio-, 
fluorescently- or enzymatically-labeled. The kit can con- 
tain a known radiolabeled agent capable of binding or in- 
teracting with a nucleic acid or antibody of the present in- 



vention. 

[0017] In a yet still further embodiment, an antifungal composi- 
tion, comprising an antifungal effective amount of the 
isolated antifungal polypeptides of the present invention, 
is contemplated. Preferred compositions comprise the 
amino acid sequence shown in SEQ ID N0:2 and an ac- 
ceptable carrier. The antifungal composition may be used 
for inhibiting the growth of, or killing, pathogenic fungi. 
The compositions can be formulated by conventional 
methods such as those described in, for example, Win- 
nacker-Kuchler (1986); van Falkenberg (1972-1973); and 
K. Martens (1979). Necessary formulation aids, such as 
carriers, inert materials, surfactants, solvents, and other 
additives are also well known in the art, and are de- 
scribed, for example, in Winnacker-Kuchler (1986). Using 
these formulations, it is also possible to prepare mixtures 
of the present antifungal polypeptides with other anti- 
fungal-active substances, fertilizers and/or growth regu- 
lators, etc., in the form of finished formulations or tank 
mixes. 

[0018] Antifungal compositions contemplated herein also include 
those in the form of host cells, such as bacterial and fun- 
gal cells, capable of producing the present antifungal 



polypeptide, which can colonize roots and/or leaves of 
plants. Examples of bacterial cells that can be used in this 
manner may include strains of Agrobacterium, Arthrobacter, 
Azospyrillum, Clavibacter, Escherichia, Pseudomonas, and Rhi- 
zobacterium. Examples of fungal cells that can be used in 
this manner include, e.g., yeast, basidiomycetes, as- 
comycetes, and the like. 

[0019] Methods are also contemplated for introducing the nu- 
cleotide sequences of the present invention into a plant 
and for producing a transgenic plant that expresses a nu- 
cleic acid segment encoding the alfalfa plant antifungal 
proteins of the present invention which exhibit improved 
antifungal activity in comparison to the native alfalfa anti- 
fungal protein AlfAFP. The process of producing the 
transgenic plants is well known in the art. 

[0020] A method of controlling fungal damage to a plant is also 
contemplated, comprising providing to the plant a 
polypeptide comprising or consisting essentially of the 
amino acid sequence shown in SEQ ID N0:2. In this 
method, the polypeptide may be provided to the plant lo- 
cus by plant-colonizing microorganisms that produce the 
antifungal polypeptide, by applying a composition com- 
prising the isolated polypeptides thereto, or by expressing 



a nucleotide sequence encoding the polypeptide, a fusion 
polypeptide, or a chimeric protein comprising the 
polypeptide as set forth in SEQ ID N0:2 from about amino 
acid position 1 through about amino acid position 45 
within cells of the plant. 
[0021] Further scope of the applicability of the present invention 
will become apparent from the detailed description and 
drawings provided below. However, it should be under- 
stood that the detailed description and specific examples, 
while indicating preferred embodiments of the present in- 
vention, are given by way of illustration only since various 
changes and modifications within the spirit and scope of 
the invention will become apparent to those skilled in the 
art from this detailed description. 

[0022] 

Brief Description of Drawings 

[0023] Figure 1 shows a cysteine residue alignment of an alfalfa 
antifungal protein with gamma purothionin (y-thi) and 
radishAFP2 (RsAFP). 
Brief Description of Sequences 



[0024] SEQ ID N0:1 represents a native or naturally occurring nu- 
cleotide sequence encoding an alfalfa anti-fungal protein. 



designated herein as AlfAFP. 
[0025] SEQ ID N0:2 represents the amino acid sequence transla- 
tion of the open reading frame as set forth in SEQ ID 
N0:1. 

[0026] SEQ ID N0:3 represents a nucleotide sequence encoding a 
D8R amino acid sequence variant of the amino acid se- 
quence as set forth in SEQ ID N0:2, identified herein as 
AlfAFPl. 

[0027] SEQ ID N0:4 represents the amino acid sequence transla- 
tion of the open reading frame as set forth in SEQ ID 
N0:3. 

[0028] 

Detailed Description 

[0029] The invention described herein comprises the nucleotide 
sequence as shown in SEQ ID N0:3 and the amino acid se- 
quence variant encoded by SEQ ID NO: 3 as set forth in 
SEQ ID N0:4. In addition, the invention described herein 
also includes nucleic acids that encode antifungal proteins 
which confer resistance to fungal pathogens when incor- 
porated as transgenes and expressed in plants. Agro- 
nomic, horticultural, ornamental, and other economically 
or commercially useful plants, plant parts, and plant 



products can be made resistant to fungal pathogens by 
introducing nucleotide sequences encoding such antifun- 
gal protein amino acid sequence variants into the plant 
genome so that the encoded proteins are expressed at a 
level effective to confer resistance to fungal pathogens. 

[0030] The inventors herein disclose an improved alfalfa antifun- 
gal protein exhibiting antifungal biological activity three 
to seven fold greater than that of the native protein. In 
addition, the improved alfalfa antifungal protein exhibits 
toxicity across a broader host range compared to the an- 
tifungal activity exhibited by the native protein, including 
but not limited to activity against the wheat pathogen 
Fusarium culmomm. The native protein has previously been 
tested in planta and has been associated with negative 
agronomic effects in potato. It was believed that expres- 
sion of an antifungal protein in planta that exhibited a bio- 
logical activity greater than the native protein would allow 
for lower expression levels of the improved antifungal 
protein in plantaaLnd thus allow for the reduction or elimi- 
nation of the negative agronomic effects observed upon 
expression of the native protein. 

[0031] Fourteen AlfAFP amino acid sequence variants were con- 
structed, and ten of these variants were tested for anti- 



fungal activity invitro. One of these variants, AlfAFPl, ex- 
emplified in SEQ ID N0:4, exhibited a 3-7-fold increase in 
antifungal activity invitro. This variant was also active 
against Vertidlliumdahliaewhen expressed in potato. 
[0032] A gene encoding AlfAFPl, including naturally occurring 
muteins and variants thereof, can be obtained from the 
chromosomal DNA of a plant species by conventional 
molecular biological methods and mutated to produce the 
mutated AlfAFPl following the method disclosed herein. 
For example, chromosomal DNA libraries may be con- 
structed in vectors such as the bacteriophage vectors, 
e.g., lambda.EMBLB and lambda.gtlO, cosmids, or plas- 
mids using methods known in the art (Sambrook et al., 
1989). Genes encoding polypeptides having the same as 
or similar antifungal activity as that of AlfAFPl can be iso- 
lated by PGR performed on chromosomal DNA or chromo- 
somal DNA libraries, or by probe hybridization of genomic 
DNA libraries. Primers for PGR and probes for hybridiza- 
tion screening can be designed based on the nucleotide 
sequence of the polypeptide shown in SEQ ID N0:3. The 
primers should not have self- complementary sequences 
nor have complementary sequences at their 3' ends in or- 
der to prevent primer-dimer formation. The primers may 



contain restriction sites. The primers are annealed to tlie 
DNA and sufficient cycles of PGR are performed to yield a 
product readily visualized by gel electrophoresis and 
staining. The primers are generally at least 16 nucleotides 
in length, typically at least 20 nucleotides in length, 
preferably at least 24 nucleotides in length, and more 
preferably at least 28 nucleotides in length. Such primers 
will be capable of specifically priming genes encoding an- 
tifungal polypeptides or proteins having the same or simi- 
lar antifungal activity as AlfAFPl. The amplified fragments 
may be purified and inserted into an appropriate vector, 
and propagated by conventional means known in the art. 
[0033] For purposes of protection against pathogenic fungi, a 

preferred gene which may be introduced includes, for ex- 
ample, an alfalfa plant antifungal protein-encoding DNA 
sequence from plant origin, and particularly one described 
herein which is obtained from Medicago or any of those 
sequences which have been genetically engineered to de- 
crease or increase the antifungal activity of alfalfa plant 
antifungal proteins in such a transformed host cell. How- 
ever, it is believed that highly homologous antifungal pro- 
teins with similar antifungal activity will also be found in 
other plant species, including but not limited to the fol- 



lowing: Arabidopsis, barley, broccoli, cabbage, canola, car- 
rot, corn, garlic, onion, pea, pepper, potato, rice, soybean, 
sugarbeet, tobacco, tomato, and wheat; microorganisms 

such as Aspergillus, Penicilium, Streptomyces, Alternaria (Al- 
temaria brassicola] Alternaria solani)', Ascochyta (Ascochyta pisi)] 
Botrytis (Botrytis cinerea)] Cercospora (Cercospora kikuchii; Cer- 
cospora zaea-maydis)\ Colletotrichum (Colletotrichum lindemuthi- 
anum)j Diplodia (Diplodia maydis)] Erysiphe (Erysiphe graminis f. 
sp. graminis; Erysiphe graminis f. sp. hordei)', Fusarium (Eusarium 
nivale; Fusarium oxysporum; Fusarium graminearum; Fusarium 
culmorum; Fusarium solani; Fusarium moniliforme; Fusarium ro- 
seum); Gaeumanomyces (Gaeumanomyces graminis f. sp. tritici); 
Helminthosporium (Helminthosporium turcicum; Helminthospo- 
rium carbonum; Helminthosporium maydis)] Macrophomina ( 
Macrophomina phaseolina; Maganaporthe grisea)] Nectria (Nectria 
heamatococca), Peronospora (Peronospora manshurica; Per- 
onospora tabacina)^ Phoma (Phoma betae); Phymatotrichum (Phy- 
matotrichum omnivorum), Phytophthora (Phytophthora icin- 
namomi; Phytophthora cactorum; Phytophthora phaseoli; Phytoph- 
thora parasitica; Phytophthora citrophthora, Phytophthora 
megasperma f. sp. sojae; Phytophthora infestans), Plasmopara ( 
Plasmopara viticola); Podosphaera (Podosphaera leucotricha), Puc- 
cinia (Puccinia sorghi; Puccinia striiformis; Puccinia graminis f. sp. 



tritici; Puccinia asparagi; Puccinia recondita; Puccinia arachidis)^ 
Pythium (Pythium aphanidermatum)', Pyrenophora (Pyrenophora 
tritici-repentens)] Pyricularia (Pyricularia oryzae); Pythium ( 
Pythium ultimum); Rhizoctonia (Rhizoctonia solani; Rhizoctonia 
cerealis)] Scerotium (Scerotium rolfsii)] Sclerotinia (Sclerotinia scle- 
rotiorum)] Septoria (Septoria lycopersici; Septoria glycines; Septoria 
nodorum; Septoria tritici)] Thielaviopsis (Thielaviopsis basicola)] 
Uncinula {Uncinula necator)] Venturia (Venturia inaequalis); and 
Verticillium (Verticillium dahliae; Verticillium albo-atrum); and 
Other nonplant organisms. 
[0034] In connection witli expression embodiments to prepare 
recombinant proteins and peptides, it is contemplated 
tliat longer DNA segments will most often be used, with 
DNA segments encoding the entire peptide sequence be- 
ing most preferred. However, it will be appreciated that 
the use of shorter DNA segments to direct the expression 
of alfalfa plant antifungal peptides or epitopic core re- 
gions, such as may be used to generate anti-alfalfa plant 
antifungal protein antibodies, also falls within the scope 
of the invention. DNA segments that encode peptide anti- 
gens from about 8 to about 50 amino acids in length, or 
more preferably, from about 8 to about 30 amino acids in 
length, or even more preferably, from about 8 to about 20 



amino acids in length are contemplated to be particularly 
useful. Such peptide epitopes may be amino acid se- 
quences that comprise contiguous amino acid sequences 
from SEQ ID N0:4. 

[0035] Biologically functional equivalent nucleotide sequences of 
the present invention include nucleotide sequences en- 
coding conservative amino acid changes within the Al- 
fAFPl amino acid sequence, producing silent changes 
therein. Such nucleotide sequences contain corresponding 
base substitutions compared to nucleotide sequences en- 
coding the AlfAFPl protein. 

[0036] In addition to nucleotide sequences encoding conservative 
amino acid changes within the AlfAFPl polypeptide se- 
quence, biologically functional equivalent nucleotide se- 
quences of the present invention include nucleotide se- 
quences containing other base substitutions, additions, or 
deletions. These include nucleic acids containing the same 
inherent genetic information as that contained in SEQ ID 
N0:3 and which encode peptides, polypeptides, or pro- 
teins conferring fungal resistance the same as or similar 
to that of the AlfAFPl protein upon host cells and plants. 
Such nucleotide sequences can be referred to as "geneti- 
cally equivalent modified forms" of the sequence shown in 



SEQ ID N0:3, and can be identified by the metliods de- 
scribed herein. 

[0037] Variations made in tlie cDNA, plasmid DNA, genomic DNA, 
synthetic DNA, or other nucleic acid encoding the AlfAFPl 
protein preferably preserve the reading frame of the cod- 
ing sequence. Furthermore, these variations preferably do 
not create complementary regions that could hybridize to 
produce secondary mRNA structures, such as loops or 
hairpins, that would adversely affect mRNA translation. 
Although sites selected for amino acid variation can be 
predetermined, it is not necessary that the nature of the 
variations per se be predetermined. For example, in order 
to select for optimum characteristics of variations at a 
given site, random mutagenesis can be conducted at the 
target codon. Alternatively, nucleotide sequence variations 
can be introduced at particular loci by synthesizing 
oligonucleotides containing a variant sequence, flanked by 
restriction sites enabling ligation to fragments of the vari- 
ant AlfAFP protein coding sequence of the present inven- 
tion. Following ligation, the resulting reconstructed nu- 
cleotide sequence encodes a derivative form of the Al- 
fAFPl protein having the desired amino acid insertion, 
substitution, or deletion. In either case, the expressed 



variant can be screened for desired antifungal activity by 
the methods known in the art. 

[0038] Specific examples of useful genetically equivalent modi- 
fied forms of SEQ ID N0:3 include DMAs having a nu- 
cleotide sequence which exhibits a high level of homol- 
ogy, i.e., sequence identity, to SEQ ID N0:3. Such geneti- 
cally equivalent modified forms can be readily isolated us- 
ing conventional DNA-DNA or DNA-RNA hybridization 
techniques (Sambrook et al., 1989) or by amplification us- 
ing PGR methods. These forms should possess the ability 
to confer resistance to fungal pathogens when introduced 
by conventional transformation techniques into plant cells 
normally sensitive to such pathogens. 

[0039] In the present invention, sequence similarity or identity 
can be determined using the "BestFit" or "Cap" programs 
of the Sequence Analysis Software Package, Genetics 
Computer Group, Inc., University of Wisconsin Biotechnol- 
ogy Center, Madison, Wis. 53711. 

[0040] The fragments and variants of the AlfAFPl protein may be 
encoded by cDNA, plasmid DNA, genomic DNA, synthetic 
DNA, or mRNA. In the present invention, nucleic acids bi- 
ologically functional equivalent to the DNA of the AlfAFPl 
variant protein having the nucleotide sequence shown in 



SEQ ID N0:4 may include: a) DMAs having a length which 
has been altered either by natural or artificial mutations 
such as partial nucleotide deletion, insertion, addition, or 
the like, so that when the entire length of SEQ ID N0:3 is 
taken as 100%, the biologically functional equivalent se- 
quence has an approximate length of 60-120% of that of 
SEQ ID N0:3, preferably 80-110% thereof; or b) nucleotide 
sequences containing partial (usually 20% or less, prefer- 
ably 10% or less, more preferably 5% or less of the entire 
length) natural or artificial mutations so that such se- 
quences code for different amino acids, but wherein the 
resulting polypeptide retains the antifungal activity of Al- 
fAFPl. 

[0041] In the present invention, the methods employed to create 
artificial nucleotide sequence variations are not specifi- 
cally limited, and such variations can be produced by any 
of the means conventional in the art. For example, the 
nucleotide sequence encoding an alfalfa antifungal protein 
may be treated with appropriate restriction enzymes so as 
to insert or delete appropriate DNA fragments so that the 
proper amino acid reading frame is preserved. Subsequent 
to restriction endonuclease treatment, the digested DNA 
can be treated to fill in any overhangs, and the DNA reli- 



gated. Nucleotide sequence variations can also be intro- 
duced at particular loci by synthesizing oligonucleotides 
containing a variant sequence flanked by restriction sites 
enabling ligation to fragments of the native AlfAFP cDNA 
or genomic coding sequence. Following ligation, the re- 
sulting reconstructed sequence encodes a derivative hav- 
ing the desired amino acid insertion, substitution, or 
deletion. Alternatively, oligonucleotide-directed site- 
specific or segment- specific mutagenesis procedures can 
be employed to produce an altered cDNA or genomic DNA 
sequence having particular codons altered according to 
the substitution, deletion, or insertion desired. 
[0042] Exemplary methods of making the alterations described 
above are disclosed by Ausubel et al. (1995); Bauer et al. 
(1985); Craik (1985); Frits Eckstein et al. (1982); Sam- 
brook et al. (1989); Smith et al. (1981); Osuna et al. 
(1994); and Walder et al. (1986). Biologically functional 
equivalents to the DNA sequence disclosed herein pro- 
duced by any of these methods can be selected for by as- 
saying the peptide, polypeptide, or protein encoded 
thereby. 

[0043] Biologically functional equivalent forms of the DNA en- 
coding the AlfAFPl protein include nucleotide sequences 



that encode peptides, polypeptides, and proteins tliat re- 
act witli, i.e., specifically bind to, antibodies raised against 
either the native AlfAFP protein or against the AlfAFPl 
amino acid sequence variant protein, and that exhibit the 
same or similar antifungal activity as the AlfAFPl polypep- 
tide. Such antibodies can be polyclonal or monoclonal an- 
tibodies. 

[0044] Due to the degeneracy of the genetic code, i.e., the exis- 
tence of more than one codon for most of the amino acids 
naturally occurring in proteins, other DNA (and RNA) se- 
quences that contain essentially the same genetic infor- 
mation as the DNA of the present invention, and which 
encode substantially the same amino acid sequence as 
that encoded by the nucleotide sequence of SEQ ID N0:2, 
can be used in practicing the present invention. This prin- 
ciple applies as well to any of the other nucleotide se- 
quences discussed herein. 

[0045] Biologically functional equivalent forms of the DNA of the 
present invention also include synthetic DNAs designed 
for enhanced expression in particular host cells. Synthetic 
DNAs designed to enhance expression of the antifungal 
protein in a particular host should therefore reflect the 
pattern of codon usage in the host cell. 



[0046] Other biologically functional equivalent forms of the DNA 
of SEQ ID N0:3 useful in the present invention include 
those which have been modified to encode conjugates 
with other peptides, polypeptides, or proteins, thereby 
encoding fusion products therewith. 

[0047] Although one embodiment of a nucleotide sequence en- 
coding the AlfAFPl variant is shown in SEQ ID N0:3, it 
should be understood that the present invention also in- 
cludes nucleotide sequences that hybridize to the se- 
quence of SEQ ID N0:3 and its complementary sequences, 
and that encode peptides, polypeptides, or proteins hav- 
ing the same or similar antifungal activity as that of the 
AlfAFPl variant. Such nucleotide sequences preferably hy- 
bridize to SEQ ID N0:3 or its complementary sequences 
under conditions of moderate to high stringency (see 
Sambrook et al., 1989). Exemplary conditions include ini- 
tial hybridization in 6x SSC, 5x Denhardt's solution, 100 
mg/ml fish sperm DNA, 0.1% SDS, at 55° C. for sufficient 
time to permit hybridization (e.g., several hours to 
overnight), followed by washing two times for 15 min 
each in 2x SSC, 0.1% SDS, at room temperature, and two 
times for 15 min each in 0.5-lx SSC, 0.1% SDS, at 55° C, 
followed by autoradiography. Typically, the nucleic acid 



molecule is capable of hybridizing when the hybridization 
mixture is washed at least one time in O.lx SSC at 55° C, 
preferably at 60° C, and more preferably at 65° C. 

[0048] The present invention also encompasses nucleotide se- 
quences that hybridize to the DNA of SEQ ID N0:3 under 
salt and temperature conditions equivalent to those de- 
scribed above, and that encode a peptide, polypeptide, or 
protein that has the same or similar antifungal activity as 
that of the AlfAFPl protein variant disclosed herein. 

[0049] The nucleotide sequences described above are considered 
to possess a biological function substantially equivalent to 
that of the cDNA of SEQ ID N0:3 encoding the variant Al- 
fAFPl polypeptide if they encode peptides, polypeptides, 
or proteins having an antifungal effect differing from that 
of the variant AlfAFPl protein by about ±25% or less. 

[0050] The present invention includes not only the AlfAFPl cod- 
ing sequence shown in SEQ ID N0:3 but also biologically 
functionally equivalent nucleotide sequences. The phrase 
"biologically functionally equivalent nucleotide sequences" 
denotes DMAs and RNAs, including genomic DNA, plasmid 
DNA, cDNA, synthetic DNA, and mRNA nucleotide se- 
quences, that encode peptides, polypeptides, and proteins 
exhibiting the same or similar antifungal activity as that of 



the AlfAFPl protein, i.e., when introduced into host cells 
in a functionally operable manner so that they are ex- 
pressed, they produce peptides, polypeptides, or proteins 
exhibiting antifungal activity at a level sufficient to confer 
resistance to fungal pathogens upon host cells or plants. 
[0051] DMA sequence information provided by the invention al- 
lows for the preparation of relatively short DNA (or RNA) 
sequences having the ability to specifically hybridize to 
gene sequences of the selected polynucleotides disclosed 
herein. Nucleic acid probes of an appropriate length may 
be prepared based on a consideration of a selected alfalfa 
plant antifungal protein gene sequence, e.g., a sequence 
such as that shown in SEQ ID N0:3. The ability of such 
DMAs and nucleic acid probes to specifically hybridize to 
an alfalfa plant antifungal protein gene sequence lends 
them particular utility in a variety of embodiments. Most 
importantly, the probes may be used in a variety of assays 
for detecting the presence of complementary sequences in 
a given sample. 

[0052] Nucleic acid molecules having sequence regions consist- 
ing of contiguous nucleotide stretches of 10-14, 15-20, 
30, 50, or even of 100 nucleotides or so, identical or 
complementary to DNA sequence of SEQ ID N0:3, are par- 



ticularly contemplated as hybridization probes for use in, 
e.g., Soutliern and Northern blotting. Smaller fragments 
will generally find use in hybridization embodiments, 
wherein the length of the contiguous complementary re- 
gion may be varied, such as between about 10-14 and 
about 50 or 100 nucleotides, but larger contiguous com- 
plementarity stretches may be used, according to the 
length complementary sequences one wishes to detect. 

[0053] In certain embodiments, it is advantageous to use 

oligonucleotide primers. The sequence of such primers is 
designed using a polynucleotide of the present invention 
for use in detecting, amplifying or mutating a defined 
segment of an alfalfa plant antifungal protein gene from 
Medicago using PGR technology. Segments of related al- 
falfa plant antifungal protein genes from other species 
may also be amplified by PGR using such primers. 

[0054] It may also be desirable to incorporate other DNA seg- 
ments into the genome of a transgenic plant where such 
DNA encodes other antifungal proteins non-homologous 
to the disclosed alfalfa antifungal proteins, or various 
other proteins that improve the quality of plant products 
or agronomic performance of the plants. Thus other types 
of proteins encoded by the DNA may include antibacterial. 



antiviral, antifungal or insecticidal proteins such as Bacillus 
thuringiensis (B.t.) proteins. 

[0055] Simultaneous co-expression of multiple antifungal and/or 
other anti-pathogen proteins in plants is advantageous in 
that it exploits more than one mode of control of plant 
pathogens. This may, where two or more antifungal pro- 
teins are expressed, minimize the possibility of develop- 
ing resistant fungal species, broaden the scope of resis- 
tance and potentially result in a synergistic antifungal ef- 
fect, thereby enhancing the level of resistance. Co- 
expression with B.t. insecticidal toxin proteins is expected 
to provide an additional advantage in providing protection 
against a wide range of insect larvae. Bacillus thuringiensis 
insecticidal toxin proteins have been expressed in several 
varieties of plants, including cereal plants. 

[0056] Other proteins conferring certain advantages may likewise 
be coexpressed with the DMAs encoding the polypeptides 
of the present invention; including: (1) DMAs encoding 
enzymes such as glucose oxidase (which converts glucose 
to gluconic acid, concomitantly producing hydrogen per- 
oxide which confers broad spectrum resistance to plant 
pathogens); pyruvate oxidase; oxylate oxidase; cholesterol 
oxidase; amino acid oxidases; and other oxidases that use 



molecular oxygen as a primary or secondary substrates to 
produce peroxides, including hydrogen peroxide; (2) 
pathogenesis related proteins such as SAR8.2a and 
SARB.2b proteins; the acidic and basic forms of tobacco 
PR-la, PR-lb, PR-lc, PR- 1", PR-2, PR-3, PR4, PR-5, PR- 
N, PR-0, PR-O", PR-P, PR-Q, PR-S, and PR-R proteins; 
chitinases such as tobacco basic chitinase and cucumber 
chitinase/lysozyme; peroxidases such as cucumber basic 
peroxidase; glucanases such as tobacco basic glucanase; 
osmotin-like proteins; (3) viral capsid proteins and repli- 
cases of plant viruses; (4) plant R-genes (resistance 
genes), such as Arabidopsis RPS2 (Bent et al., 1994), Ara- 
bidopsis RPM 1 (Grant et al., 1995), tobacco N-gene and 
N'-gene (Whitham et al., 1994), tomato Cf-9 Qones et al, 
1994), flax L6 (Ellis et al, 1995), and rice Xa21 (Song et 
al., 1995). These genes can be expressed using constitu- 
tive promoters, tissue-specific promoters, or promoters 
inducible by fungal pathogens or other biological or 
chemical inducers; (5) pathogen Avr genes, such as Cla- 
dosporium fulvum Avr9 (Van Den Ackerveken et al., 
1992), that can be expressed using pathogen- or chemi- 
cal-inducible promoters; and (6) genes that are involved 
in the biosynthesis of salicylic acid, such as benzoic acid 



2 -hydroxylase (Leon et al., 1995). Stabilized RNA"s can be 
co-expressed along with the protein of the present inven- 
tion. Such RNA"s could inhibit the growth of or even assist 
in killing the insect.The present invention contemplates an 
expression vector comprising a polynucleotide of the 
present invention. In one embodiment an expression vec- 
tor is an isolated and purified DNA molecule comprising a 
promoter operatively linked to an coding region that en- 
codes a polypeptide of the present invention, which cod- 
ing region is operatively linked to a transcription-terminat- 
ing region, whereby the promoter drives the transcription 
of the coding region. 

[0057] As used herein, the term "operatively linked" means that a 
promoter is connected to a coding region in such a way 
that the transcription of that coding region is controlled 
and regulated by that promoter. 

[0058] In preferred embodiments, the vector used to express the 
polypeptide includes a selection marker that is effective in 
a plant cell, preferably a drug resistance selection marker. 
One preferred drug resistance marker is the gene whose 
expression results in kanamycin resistance; i.e., the 
chimeric gene containing the nopaline synthase promoter, 
Tn5 neomycin phosphotransferase II (nptll) and nopaline 



synthase 3' non-translated region (Rogers et al., 1988). 
Other selectable marker may include hygromycin resis- 
tance marker and a herbicide resistance marker. 

[0059] The 3' end non-translated regions of the chimeric con- 
structs of the present invention should contain a tran- 
scriptional terminator, or an element having equivalent 
function, and a polyadenylation signal that functions in 
plants to cause the addition of adenylate nucleotides to 
the 3' end of the mRNA. The variant AlfAFPl DNA coding 
sequence may comprise the entire nucleotide sequence 
shown in SEQ ID N0:3 or any portion thereof that may 
have functional equivalence, such as truncated versions. 
Alternatively, it may be desirable to express epitopic re- 
gions of the antifungal polypeptide in order to use these 
peptides to raise antibodies against the antifungal 
polypeptide of the present invention. 

[0060] Methods and compositions for transforming a bacterium, 
a yeast cell, a plant cell, or an entire plant with one or 
more expression vectors comprising an alfalfa plant anti- 
fungal protein-encoding gene segment are further as- 
pects of this disclosure. A transgenic bacterium, yeast 
cell, plant cell or plant derived from such a transformation 
process or the progeny and seeds from such a transgenic 



plant are also further embodiments of the invention. 

[0061] The formation of transgenic plants may also be accom- 
plished using methods of cell transformation which are 
known in the art such as Agrobacterium-medlatedi DNA 
transfer. Alternatively, DNA can be introduced into plants 
by direct DNA transfer into pollen (Zhou et al., 1983; 
Hess, 1987; Luo et al., 1988), by injection of the DNA into 
reproductive organs of a plant (Pena et al., 1987), or by 
direct injection of DNA into the cells of immature embryos 
followed by the rehydration of desiccated embryos 
(Neuhaus et al., 1987; Benbrook et al., 1986). 

[0062] A transgenic plant of this invention thus has an increased 
amount of a coding region (e.g., an AlfAFPl gene) that 
encodes the variant AlfAFPl polypeptide of interest. A 
preferred transgenic plant is an independent segregant 
and can transmit that gene and its activity to its progeny. 
The inventors contemplate that the present invention will 
find particular utility in the creation of transgenic plants 
of commercial interest including various turf grasses, 
wheat, corn, rice, barley, oats, potato, soybean, cotton, 
berries such as strawberries, a variety of ornamental 
plants and vegetables, as well as a number of nut- and 
fruit-bearing trees and plants. 



[0063] The present invention contemplates methods and kits for 
screening samples suspected of containing alfalfa plant 
antifungal protein polypeptides or alfalfa plant antifungal 
protein-related polypeptides, or cells producing such 
polypeptides. A kit may contain one or more antibodies, 
at least one of which binds specifically to the AlfAFPl pro- 
tein of the present invention, and may also contain 
reagent(s) for detecting an interaction between a sample 
and the antibody. The reagent(s) can be radio-, fluores- 
cently- or enzymatically-labeled. The reagent(s) of the kit 
may be provided as a liquid solution, attached to a solid 
support or as a dried powder. Preferably, when the 
reagent(s) are provided in a liquid solution, the liquid so- 
lution is an aqueous solution. Preferably, when the 
reagent(s) provided are attached to a solid support, the 
solid support can be chromatograph media, a test plate 
having a plurality of wells, or a microscope slide. When 
the reagent(s) provided are a dry powder, the powder can 
be reconstituted by the addition of a suitable solvent, that 
may be provided. 

[0064] An antifungal composition, comprising an antifungal ef- 
fective amount of one or more of the isolated antifungal 
polypeptides of the present invention are contemplated. 



Preferred compositions comprise the amino acid sequence 
sliown in SEQ ID N0:4, and an acceptable carrier. The an- 
tifungal composition may be used for inhibiting the 
growth of, or killing, pathogenic fungi. The compositions 
can be formulated by conventional methods such as those 
described in, for example, Winnacker-Kuchler (1986); van 
Falkenberg (1972-1973); and Martens (1979). Necessary 
formulation aids, such as carriers, inert materials, surfac- 
tants, solvents, and other additives are also well known in 
the art, and are described, for example, in Winnacker-Kuch- 
ler (1986). Using these formulations, it is also possible to 
prepare mixtures of the present antifungal polypeptide 
with other antifungally active substances, fertilizers and/ 
or growth regulators, etc., in the form of finished formu- 
lations or tank mixes. 
[0065] Antifungal compositions contemplated herein also include 
those in the form of host cells, such as bacterial and fun- 
gal cells, capable of producing the present antifungal 
polypeptide, and which can colonize roots and/or leaves 
of plants. Examples of bacterial cells that can be used in 
this manner include strains of Agrobacterium, Arthrobacter, 
Azospyrillum, Clavibacter, Escherichia, Pseudomonas, Rhizobac- 
terium, and the like. 



[0066] Numerous conventional fungal antibiotics and chemical 
fungicides with which the present antifungal polypeptide 
can be combined are known in the art and are described 
in Worthington and Walker (1983). These include, for ex- 
ample, polyoxines, nikkomycines, carboxyamides, aro- 
matic carbohydrates, carboxines, morpholines, inhibitors 
of sterol biosynthesis, and organophosphorus com- 
pounds. Other active ingredients which can be formulated 
in combination with the present antifungal polypeptide 
include, for example, insecticides, attractants, sterilizing 
agents, acaricides, nematocides, and herbicides. 

[0067] Whether alone or in combination with other active agents, 
the antifungal polypeptides of the present invention 
should be applied at a concentration in the range of from 
about 0.1 mg/ml to about 100 mg/ml, preferably between 
about 5 mg/ml and about 50 mg/ml, at a pH in the range 
of from about 3 to about 9. Such compositions may be 
buffered using, for example, phosphate buffers between 
about 1 mM and IM, preferably between about 10 mM 
and 100 mM, more preferably between about 15 mM and 
50 mM. 

[0068] The variant AlfAFPl protein of the present invention, and 
biologically functional equivalents thereof, are therefore 



expected to be useful in controlling fungi in a wide variety 
of plants, exemplified by those in the following genera 
and species: Altemaria (Altemaria brassicola; Altemaria solani); 
Ascochyta (Ascochyta pisi)', Botrytis (Botrytis cinerea); Cercospora ( 
Cercospora kikuchii; Cercospora zaea-maydis)] CoHetotrichum ( 
CoHetotrichum Undemuthianum)] Diplodia (Diplodia maydis)] 
Erysiphe (Erysiphe graminis f. sp. graminis; Erysiphe graminis f. sp. 
hordei)] Fusarium (Fusarium nivale; Fusarium oxysporum; Fusar- 
ium graminearum; Fusarium culmorum; Fusarium solani; Fusar- 
ium moniliforme; Fusarium roseum)', Gaeumanomyces (Gaeu- 
manomyces graminis f. sp. tritici)', Helminthosporium ( 
Helminthosporium turcicum; Helminthosporium carbonum; 
Helminthosporium maydis)] Macrophomina (Macrophomina 
phaseolina; Maganaporthe grisea)] Nectria (Nectria 
heamatococca) ; Peronospora (Peronospora manshurica; Per- 
onospora tabacina); Phoma (Phoma betae); Phymatotrichum (Phy- 
matotrichum omnivorum); Phytophthora (Phytophthora cin- 
namomi; Phytophthora cactorum; Phytophthora phaseoli; Phytoph- 
thora parasitica; Phytophthora citrophthora; Phytophthora 
megasperma f. sp. sojae; Phytophthora infestans); Plasmopara ( 
Plasmopara viticola); Podosphaera (Podosphaera leucotricha) ; 
Puccinia (Puccinia sorghi; Puccinia striiformis; Puccinia graminis f. 
sp. tritici; Puccinia asparagi; Puccinia recondita; Puccinia 



); Pythium (Pythium aphanidermatum)] Pyrenophora ( 
Pyrenophora tritici-repentens); Pyricularia (Pyricularia oryzae); 
Pythium (Pythium ultimum)] Rhizoctonia (Rhizoctonia solani; Rhi- 
zoctonia cerealis)] Scerotium (Scerotium rolfsii); Sclerotinia (Scle- 
rotinia sclerotiorum); Septoria (Septoria lycopersici; Septoria 
glycines; Septoria nodomm; Septoria tritici)] Thielaviopsis ( 
Thielaviopsis basicola)] Uncinula (Uncinula necator)] Venturia ( 
Venturia inaequalis)] and Verticillium (Verticillium dahliae; Veicil- 
lium albo-atrum). 
[0069] Transgenic plants that express antifungal effective 

amounts of the variant AlfAFPl protein and biologically 
functional equivalents thereof can be produced by:(a) 
transforming plant cells with a recombinant DNA molecule 
comprising operatively linked in sequence in the 5' to 3' 
direction: (i) a promoter region that directs the transcrip- 
tion of a gene in plants; (ii) a DNA coding sequence that 
encodes an RNA sequence which encodes the AlfAFPl 
protein or a biologically functionally equivalent thereof 
having the same or similar antifungal activity as that of 
the AlfAFPl protein; and (iii) a 3' non-translated region 
that encodes a polyadenylation signal which functions in 
plant cells to cause transcriptional termination and the 
addition of polyadenylate nucleotides to the 3' end of said 



RNA sequence;(b) selecting plant cells that have been 
transformed ;(c) regenerating plant cells that have been 
transformed to produce differentiated plants; and(d) se- 
lecting a transformed plant, cells of which express said 
DNA coding sequence and produce an antifungal effective 
amount of the AlfAFPl protein or said biologically func- 
tionally equivalent thereoffhe method of the present in- 
vention can be carried out in a variety of ways. The anti- 
fungal polypeptides, prepared by any of the methods 
noted above, may be applied directly to plants in a mix- 
ture with carriers or other additives, including other anti- 
fungal agents, as is known in the art. Alternatively, the 
polypeptides may be expressed by bacterial or yeast cells 
that can be applied to the plant, some of which may be 
symbiotic with the plants. Plant cells may also be trans- 
formed by conventional means to contain DNA encoding 
the antifungal polypeptides. These may be expressed 
constitutively, in a tissue-specific manner, or upon expo- 
sure of the plant to a fungal pathogen. 
[0070] The present invention also encompasses the use of any of 
the DNA sequences or biologically functional equivalents 
thereof disclosed herein to produce recombinant plas- 
mids, transformed microorganisms, probes, and primers 



useful in identifying related DNA sequences that confer 
resistance to fungal pathogens on plant cells, and to pro- 
duce transgenic plants resistant to such fungal pathogens. 

[0071] As noted above, the antifungal polypeptides of the 

present invention may be used in combination with chem- 
icals as well as other antifungal agents, including other 
peptides, polypeptides, and proteins that exhibit antifun- 
gal activity, so as to provide a broader spectrum of activ- 
ity, i.e., to control additional pathogens, and/or to provide 
multiple modes of action for the control of the same fun- 
gal pathogen. Examples of such other antifungal agents 
include chitinases, cysteine- rich chitin-binding proteins, 
3-1,3-glucanases, permuteins (including zeamatins), 
thionins, ribosome-inactivating proteins, and non- spe- 
cific lipid transfer proteins. 

[0072] The following illustrative, non-limiting examples further 
demonstrate several preferred embodiments of the 
present invention. Those skilled in the art will recognize 
numerous equivalents to the specific embodiments de- 
scribed herein. Such equivalents are intended to be within 
the scope of the present invention and claims. 

[0073] EXAMPLES 

[0074] These examples illustrate the identification of an amino 



acid sequence variant alfalfa antifungal protein exhibiting 
improved antifungal activity compared to the wild type or 
native antifungal sequence. The increased biological ac- 
tivity of the variant amino acid sequence provides a means 
for lower levels of expression of the protein in plants to 
achieve the same level of antifungal protection to the 
plant. Lower levels of expression of the protein alleviate 
negative agronomic effects observed with expression of 
higher levels of the native protein. The variant amino acid 
set forth herein exhibits in planta activity against the wheat 
pathogen Fusarium culmorumAn summary, fourteen AlfAFP 
amino acid sequence variants were constructed and ten of 
these were tested for antifungal activity in vitro and com- 
pared to the activity of the native protein. Surprisingly 
only one of these variants, AlfAFPl, exhibited a 3-7-fold 
increase in antifungal activity invitro. This variant was 
transformed into and expressed in potato and determined 
to provide resistance to infection by Verticillium dahliae.The 
amino acid sequence of AlfAFP was aligned to the cysteine 
residues of the Rs-AFP2 protein used by De Samblanx et 
al. (1997) and one other plant defensin, y-thionin (Bruix 
et. al., 1993). It was expected that substitution of arginine 
in place of the residues in the AlfAFP corresponding to 



those result effective residues identified by De Samblanx 
et al. in tlie Rs-AFP2 protein would result in improved an- 
tifungal activity of the alfalfa antifungal protein AlfAFP. 
The three sequences were manually aligned in order to 
conserve the alignment of the eight cysteine residues 
(FIGURE 1). Caps were manually introduced to maximize 
sequence conservation first at residues of identity be- 
tween the cysteines, and second at residues of similarity 
between the cysteines. Using this sequence alignment, 
modifications determined by De Samblanx et al. to result 
in an increase in antifungal activity of Rs-AFP2 were in- 
corporated into the AlfAFP protein. Fourteen (14) amino 
acid sequence variants of the AlfAFP protein were con- 
structed.The AlfAFP variants were grouped into four 
classes based on the amino acid sequence modifications 
incorporated into the variant proteins. The AlfAFPl variant 
contained a D8R modification to the amino acid sequence. 
This modification is unlike the RsAFP2 variant with which 
De Samblanx et al. demonstrated a 2.5 fold increase in 
activity in high ionic strength media. The D8R modifica- 
tion changes the net charge of the protein more dramati- 
cally than the modification incorporated into the RsAFP2 
by De Samblanx et al. and would not be expected to result 



in an improvement in tlie antifungal activity of the AlfAFP 
variant in comparison to the native sequence. Four AlfAFP2 
variants were designed to contain the sequence of amino 
acids that are present in other plant defensins such as 
RsAFP and y-thionin but which are conspicuously absent 
in AlfAFP between amino acid residues F15 and S16 as set 
forth in SEQ ID N0:2 and in the alignment shown in Figure 
1. Two of the AlfAFP2 modifications incorporate the com- 
binations of serine with arginine or lysine at inserted 
amino acid positions 16 and 17, shifting the native serine 
at position 16 to position 18 in these AlfAFP2 variants 
(AlfAFP2a SerArg inserted between native F15 and S16; 
AlfAFP2b SerLys inserted between native F15 and S16). 
The other two AlfAFP2 modifications incorporate the com- 
binations of asparagine with either lysine or arginine at 
inserted amino acid positions 16 and 17, also shifting the 
native serine at position 16 to position 18 in the resultant 
AlfAFP2 variants (AlfAFP2c AsnLys inserted between F15 
and S16; AlfAFP2d AsnArg inserted between F15 and S16). 
De Samblanx et al. demonstrated that positive charges at 
these positions often result in an increase in antifungal 
activity under high ionic strength conditions. All AlfAFP2 
variants also contain the modification K28L, since DeSam- 



blanx et al. showed that a positively charged residue at 
the corresponding position in RsAFP2 resulted in a loss of 
activity under high ionic strength conditions. Additionally, 
all of the AlfAFP2 variants contain a K25L substitution 
(with reference to SEQ ID N0:2 and FIGURE 1, results in 
the K25L position having an actual position of L28 with 
reference to the amino acid sequence of the AlfAFP2 vari- 
ants) that results in the AlfAFP2 variants exhibiting a net 
charge that is identical to that of the native AlfAFP pro- 
tein. Only one AlfAFP3 amino acid sequence variant was 
designed. A gap in the alignment between RsAFP and Al- 
fAFP after the C33 position in the AlfAFP sequence was 
partially compensated for by insertion of the amino acids 
asparagine and tyrosine between C33 and R34 in AlfAFP 
as set forth in SEQ ID N0:2 and in FIGURE 1 (AlfAFP3 As- 
nTyr inserted between C33 and R34). No other modifica- 
tions are included in the AlfAFP3 variant. The modifica- 
tions resulting in the AlfAFP3 variant emulates the RsAFP2 
variant amino acid sequence containing an arginine at po- 
sition 39 that DeSamblanx et al. determined also provided 
a 2.5 fold increase in antifungal activity under high ionic 
strength conditions. Eight AlfAFP4 variants were con- 
structed. These variants contain various combinations of 



the amino acid sequence modifications tliat are exiiibited 
by tlie AlfAFP2 variants and the AlfAFPS variant, along 
with a variant sequence incorporating phenylalanine in 
place of the native aspartate proximal to the carboxy-ter- 
minal end of the AlfAFP protein sequence (D35 or D36 as 
set forth in SEQ ID N0:2 and in FIGURE 1), referred to 
herein with reference to the position of the variation 
within the variant, i.e., a D39F or D40F substitution. The 
D40F substitution was incorporated because DeSamblanx 
et al. disclosed that a substitution of phenylalanine for va- 
line at position 40 as set forth in the RsAFP2 amino acid 
sequence variant resulted in a 10-fold decrease in bioac- 
tivity under high ionic strength conditions. All AlfAFP4 
variants contain the AsnTyr insertion present in ALfAFPB, 
as well as the K25L substitution present in the AlfAFP2 
variants. In addition, the AlfAFP4a-d variants contain a 
D36F substitution (with reference to SEQ ID N0:2) and the 
AlfAFP4e-h variants contain a D35F substitution (with ref- 
erence to SEQ ID N0:2). The difference between each of 
these two sets of AlfAFP4 variants resides in the combina- 
tions of amino acids inserted as set forth in the AL- 
FAFP2a-d variants, in particular with reference to the 
amino acids identified as being inserted between F15 and 



S16 as set forth in SEQ ID N0:2 and in FIGURE 1. AlfAFP4a 
and e contain the AlfAFP2a insertions and substitutions, 
AlfAFP4b and f contain the AlfAFP2b insertions and sub- 
stitutions, AlfAFP4c and g contain the AlfAFP2c insertions 
and substitutions, and AlfAFP4d and h contain the Al- 
fAFP2d insertions and substitutions. All nucleotide se- 
quences described and used herein were derived from the 
native AlfAFP coding sequence and modified using ther- 
mal amplification mutagenesis primers to encode the 
variant AlfAFP amino acid set forth as described herein. 
These sequences were introduced into the plasmid vectors 
pPIC9 and pGAP (INVITROGEN). The resulting recombinant 
plasmids were constructed in these base vectors and 
maintained in the E. coli strain XLl-Blue according to the 
manufacturers" instructions. These vector constructs con- 
tained origins of replication that enable replication and 
expression of the desired genetic elements in Pichiayeast 
systems. Pichia pastoris strains KM 71 and GS115 
(INVITROGEN) were maintained on YPD (1% yeast extract, 
2% peptone, 2% dextrose) or MDH (1.34% yeast nitrogen 
base (YNB), 4x10"^% biotin, 1% dextrose, and 0.004% his- 
tidine) plates (15 g/L agar) grown at 30C and stored at 
4C. Recombinant strains were maintained on MD plates 



(MDH minus histidine). Pichia pastoris \s not particularly 
amenable to long-term storage although intermediate 
storage (6-12 months) was accomplished by ten fold con- 
centration of an overnight culture brought to a final con- 
centration of 25% glycerol. The cultures were slow cooled 
(-IC/min) 0/N to -80C and then transferred to the vapor 
phase of a liquid nitrogen assisted freezer (-140C).AII 
constructs expressing either the native AlfAFP (as set forth 
in SEQ ID N0:2) or amino acid sequence variant forms of 
the AlfAFP protein were expressed as peptide fusions that 
were targeted for secretion in the P/cfiza yeast expression 
system. The AlfAFP coding sequences were linked in 
frame and downstream of a sequence encoding a yeast al- 
pha mating factor signal peptide that was also linked at 
if's 3" end to a sequence encoding an amino acid se- 
quence that represents a KEX2 peptidase cleavage se- 
quence. 10 |jg of purified plasmid was linearized with 
Sail, precipitated with glycogen, and resuspended in 10 
\xL of water, before being used for electroporation into 
Pzcfizfl yeast according to standard Pichiayeast system pro- 
cedures. A similarly treated hollow vector control was 
used to assess the transformation efficiency for each 
transformation reaction. Transformation reactions were 



plated directly onto MD plates for selection of transfor- 
mants that arise as individual colony forming units.Ten 
colonies from each electroporation reaction were selected 
and inoculated into 25 mL minimal growth media (BMG: 
lOOmM potassium phosphate pH 6.0, 1.34% YNB, 4x10"^% 
biotin, and 1% glycerol) in 50 mL conical tubes and grown 
for 48 hours at 30C, aerated at 250 rpm by orbital shak- 
ing. The cultures were harvested by low speed centrifuga- 
tion. Pellets were resuspended in 5 mL of the appropriate 
induction media and cultured for another 3-6 days. 
Buffered minimal methanol media (BMM: lOOmM potas- 
sium phosphate pH 6.0, 1.34% YNB, 4x10"^% biotin, and 
0.5% methanol) was used for pPIC9 derived vectors while 
buffered minimal glucose (BMG: lOOmM potassium phos- 
phate pH 6.0. 1.34% YNB, 4x10"^% biotin, and 0.5% glu- 
cose) was used for pGAP9 derived vectors. Each culture 
was sampled (100 mL) at 24 hour intervals, and methanol 
induced cultures were supplemented with 25 mL 100% 
methanol before expression was allowed to continue. Each 
sample was microcentrifuged at maximum speed for 2 
minutes and the conditioned media was assayed by ELISA 
and/or silver-stained SDS-PAGE for the presence and 
concentration of AlfAFP specific protein.The antifungal 



bioassay was performed in 96-well, half-area plates in a 
total volume of 20 |jL. Concentrated spores of Fusarium 
graminearum or Fusarium culmorum were prepared from 

4 

2-3-week old wheat agar plates, titrated to 7x10 spores/ 
mL, and frozen for future use. Sporangia of Verticillium 
dahliae were prepared from 2-3-week old potato dextrose 
agar plates and titrated to a concentration of approxi- 

4 

mately 7x10 spores/mL Each assay consisted of 10 [xl of 
concentrated spore/sporangia stock. Proteins and buffer 
were used to adjust the final volume to 20 ML- Assays 
were scored visually on an inverted microscope at 24 and 
48 hours and the minimal concentration for fungal growth 
inhibition was recorded. Approximately 10 fold concen- 
trated conditioned media from transformed yeast cultures 
were dialyzed against 2000-4000 volumes 20 mM Tris pH 
7 using Pierce dialysis cassettes with a 2000 molecular 
weight cutoff. The dialysis buffer was replaced 3 times 
before samples were assayed in the bioassay previously 
described. Similarly treated hollow vector controls were 
used for comparison.AlfAFP protein samples were purified 
from small cultures of Pichia recombinants that were 
grown in 250 mL baffled flasks containing 125 mL BMC at 
30C for 24-48 hours with vigorous shaking (250-300 



rpm). The cultures were induced in 25 mL of BMM, sup- 
plemented with 100% methanol daily to a final concentra- 
tion of 0.5%, and harvested after 4-6 days. For larger 
quantities, IL cultures were grown in 2L baffled flasks and 
induced in 250 mL volumes in half liter flasks. Crude su- 
pernatants of Pichia expressing AlfAFP or AlfAFP variants 
were collected by centrifugation of 50 mL cultures 6 days 
post-induction. The supernatant was saved and prepared 
for purification by dialysis against 50 mM Tris-HCI at pH 
7.0. Fifty mL of the supernatant were dialyzed overnight 
against 4L of buffer with 3 buffer changes. After dialysis, 
the entire supernatant was loaded onto a UnoQ column 
(BioRad) equilibrated with 50 mM Tris-HCI at a pH to 
match the crude supernatant of interest. The column was 
washed with 5 column volumes of 50 mM Tris-HCI, pH 
7.0. The column was then eluted in step gradients of in- 
creasing NaCI concentration from 0.5 M NaCI to 2.0 M 
NaCI. Fractions that showed absorbance at 280 nm were 
collected manually and analyzed by SDS-PAGE on 16% 
Tricine-SDS gels. Fractions containing AFP (anti fungal 
protein) were then further purified by reverse-phase HPLC 
using a 1 mL C18 column support. The fractions of inter- 
est were pooled and TFA was added to 0.1% v/v. After ap- 



plying the sample to the column, the column was washed 
with 10 volumes of water + 0.1%TFAor until the ab- 
sorbance of the outflow was measured to be zero at 214 
nm. The column was then eluted in linear steps with in- 
creasing concentrations of acetonitrile + 0.1% TFA in the 
following manner: the acetonitrile concentration was in- 
creased linearly from 0% to 10% over 1 minute (1 mL/ 
minute flow rate), followed by 10% to 20% over 10 min- 
utes, 20% to 35% over 15 minutes, 35% to 40 % over 5 
minutes, and finally, 40% to 100% over 10 minutes. Frac- 
tions showing absorbance at 214 nm were collected and 
separated from the bulk of the column eluate. Fractions 
were dried overnight under vacuum, resuspended in 50 
mM Tris-HCI, pH 7.2, and analyzed by SDS-PAGE and 
Western blot for the presence of ALfAFP or AlfAFP vari- 
ants. After quantification using BCA protein assay 
(BioRad), the purified protein samples were assayed for 
antifungal activity as described above.The broad- 
spectrum antifungal activity of AlfAFP has been previously 
reported (PCT International Publication No. WO 
98/26083). The activity of several AlfAFP amino acid se- 
quence variants is shown in Tables 2 and 3. Variants were 
assayed against the target fungi Fusarium gramineamm and 



Verticillium dahliae in standard media or standard media 
equilibrated to liigli ionic strengtli (media supplemented 
with 50 mM K"^, ImM Ca^^). Antifungal activity in high 
ionic strength media has been attributed to better invivo 
activity for these proteins (De Samblanx et al. 1997). The 
AlfAFP variants show a range of activity against both 
Fusarium and Verticillium. Antifungal activity against Fusar- 
ium was reduced for all but 4 of the variants tested (Tables 
1 and 2). Only AlfAFPl demonstrated activity comparable 
to the native or wild type protein. Surprisingly, however, 
the AlfAFPl variant demonstrated a 3-7 fold improvement 
in activity against Fusarium in the presence of high ionic 
strength media. Table 1 shows the results of several of 
the amino acid sequence variant AlfAFP proteins against 
Verticillium dahliae. All variants tested exhibited antifungal 
activity equivalent to or slightly less than the wild type Al- 
fAFP when assayed in standard media. However, when the 
media was supplemented with Ca^"^, AlfAFPl again 
demonstrated a 3-fold increase in antifungal activity. All 
other variants exhibited activity approximately equivalent 
to the wild type protein in the high ionic strength media. 
These data suggested that AlfAFPl may be useful in planta 
as an antifungal agent that is superior to that of the native 



AlfAFP protein. 

[0075] Table 1. 

Activity of AlfAFP and AlfAFP amino acid sequence variants against Fusarium 



gramineamm 



AlfAFP Protein 


Standard Media 


High Ionic Strength Media 


Alf-wt 


10 


15-20 


Alfl 


5 - 10 


2.5-5 


A If 2 a 


>20 


»>20 


Alf2b 


>20 


20 


Alf2c 


>20 


>20 


Alf2d 


>»20 


»>20 


Alf3 


20 


»>20 


Alf4a 


>»20 


»>20 


Alf4b 


>»20 


»>20 


Alf4e 


10 


20 


Alf4f 


10 


20 



The activity is given as the minimum concentration of 
protein required to inhibit fungal growth in units of ppm 
(parts per million) . 

[0076] Table!. 

Activity of AlfAFP and AlfAFP variants against Ve rticiihum dahhae 



AlfAFP Protein 


Standard Media 


High Ionic Strength Media 


Alf - wt 


5 


15 


Alfl 


5 


5 


Alf4e 


10 


15 


Alf4f 


5 


> 20 1 



The activity is given as tlie mimmi.wn c Qncenkation of protein feqmred to 



inhibit fungal gravrth in units of ppm (parts per million). 

[0077] Based on the data presented above, a plant expression 
vector was constructed for use in transforming potato to 
express tlie AlfAFPl variant in planta. Transgenic potato 
plants were prepared using Agrobacterium tumefaciens medi- 
ated plant transformation methods. Potato plants ex- 



pressing the AlfAFPl variant protein showed improved 
control of disease symptoms caused by artificial infection 
with Verticillium dahliae (data not shown). The in planta re- 
sults are consistent with the m vrvodata presented above, 
suggesting that the AlfAFPl protein could be used to con- 
trol fungal disease caused by Verticillium dahliae when ex- 
pressed in plants. 
[0078] A structural model of the AlfAFPl variant protein was gen- 
erated using the NMR structure of RsAFPl (Fant et al, 
1998), a sequence alignment between the two proteins, 
and the Homology module of the insight!! software 
(Accelyris, San Diego, CA). Two structurally adjacent sites 
that are responsible for antifungal activity have been pro- 
posed in the plant defensin RsAFP2 from radish (De Sam- 
blanx et al., 1997). The first of these sites is the loop con- 
necting 3-strand 1 with a-helix 1. The AlfAFPl variant 
protein that demonstrated an increase in antifungal activ- 
ity invitroaLS well as activity invivo, contains an amino acid 
substitution within a proposed similar loop in the AlfAFPl 
protein. The AlfAFPl substitution is similar in position to 
the C9R substitution DeSamblanx et al. in the RsAFP2 
variant, yet is quite different in its nature in that the De- 
Samblanx et al. substitution results in the modification of 



a neutral charged residue to an alkaline/basic charged 
residue while the AlfAFPl substitution results in a more 
dramatic modification from an acidic residue to a basic 
residue. This substitution in the AlfAFP protein would be 
expected to either dramatically reduce or eliminate the 
antifungal activity of the protein if the aspartate at posi- 
tion 8 as set forth in SEQ ID N0:2 was relevant in the ac- 
tivity of the protein. In contrast, the result of the D8R 
substitution in AlfAFP resulting in the sequence as set 
forth in SEQ ID N0:4 produced a protein that surprisingly 
exhibited an improvement in antifungal activity. The other 
AlfAFP variants that are described herein which emulated 
the DeSamblanx et al. modifications to RsAFP and which 
resulted in improved RsAFP activity should have resulted 
in an improvement in AlfAFP antifungal activity. In con- 
trast, most of the modifications to AlfAFP resulted in de- 
creased or abolished antifungal activity. 
[0079] The second site proposed by DeSamblanx et al. for anti- 
fungal activity in RsAFP is located in the loop between P- 
strand 2 and 3-strand 3. In the results of the study de- 
scribed hereinabove, the predicted improvement of anti- 
fungal activity as a result of the amino acid sequence 
modifications in this region in the AlfAFP protein were not 



observed. These results suggest that the two-site hypoth- 
esis may not completely describe the structural require- 
ments for antifungal activity of these cysteine rich pep- 
tides referred to as plant defensins. 
[0080] It will be understood by those skilled in the art that, with- 
out departing from the scope and spirit of the present in- 
vention and without undue experimentation, the present 
invention can be performed within a wide range of equiv- 
alent parameters. While the present invention has been 
described in connection with specific embodiments 
thereof, it will be understood that it is capable of further 
modifications. The present invention covers any uses, 
variations, or adaptations of the invention following the 
principles of the invention in general. Various permuta- 
tions and combination of the elements provided in all the 
claims that follow are possible and fall within the scope of 
this invention. 

[0081] All publications and patents mentioned in this specifica- 
tion are herein incorporated by reference as if each indi- 
vidual publication or patent was specially and individually 
stated to be incorporated by reference. 
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